In recent years, there has been growing concern about the impact of diffuse source pollution on water bodies, particularly due to associated health risks. Coastal waters can receive considerable inputs of pollutants from catchments since they serve as sinks for many diffuse pollutants. Furthermore, bathing waters have in the recent past often failed to comply with the various standards set by different bathing water directives. The Severn estuary has recently attracted a lot of attention in terms of bathing water compliance due to its potential to generate a considerable amount of renewable energy for the UK. It is against this background that a physical model of the estuary has been set up in the Hydraulics Laboratory at Cardiff University, for studies to be undertaken to mimic the conditions of the prototype. A sandbox filled with non-cohesive sediments within the laboratory has been set up to investigate the behaviour of pollutants in propagating from the idealised groundwater environment into the estuarine waters. It has been demonstrated that for a semi-diurnal tidal estuary like the Severn, tides have a lesser effect on the transport of solutes than flows from the catchments. Thus the impact of pollution from diffuse sources to marine environments from catchments could be higher in less tidally dominated coastal waters than a tidal one.
Introduction
The pollution arising from land-use activities that are dispersed across a catchment namely diffuse source pollu-reliable of all catchment models [23] . Operationally useful, i.e. deterministic and process based, faecal indicator models that are able to predict the effects of individual remedial programmes of measures or best management practices on catchment scale faecal indicator organisms do not exist at the present [9] . Furthermore, it is accepted that catchment microbial modelling is much less well-developed [9] [24]- [26] .
Reference [27] advises that the current modelling capability in predicting the impact of diffuse pollution on coastal receiving waters is limited. Whilst it is not difficult to assess and determine point source pollution, diffuse source pollution is a significant challenge because of its widespread distribution over large areas. Although physically based models have been developed [28] , they remain difficult to use for watershed planning purposes [21] [29] . The importance of pollution arising out of land-use activities that are dispersed across catchments, has only been recognised recently and the current capability of predicting the impact of diffuse pollution on the aquatic environment is limited [30] . It is possible to mitigate against non-point faecal coliform pollution through source delineation, field studies, system analysis and field management [19] . Diffuse source pollution can be minimised by reducing the connectivity between sources and adjacent watercourses and by improving soil drainage, thereby reducing the volume of surface runoff, which tends to have led to greater faecal indicator organism (FIO) loadings than drain flow [31] . Recent work in Brighouse Bay, Scotland, has shown that significant reductions in FIO concentrations can be achieved where 30% or more of stream banks within a catchment are fenced [31] .
Controlling the production and use of certain hazardous chemicals to stop the pollution at source is a key part of the approach adopted by the UK Environment Agency. Soil protection is also central to reducing water pollution because soils are the route by which many pollutants reach coastal waters [17] .
Estuarine environments receive most of the drainage waters coming from the land through fluvial networks and also intermittently shallow marine waters through tidal and wave processes [32] . They therefore become one of the main critical interfaces at the boundary between land and sea and produce an exceptional diversity. Estuary geomorphology strongly affects the transport of pollutants and ultimately impacts on the water quality characteristics [33] [34], with the Severn Estuary being no exception.
A Severn Estuary physical model was therefore constructed in a tidal basin at the Hydraulics Laboratory at Cardiff University, UK. It is significant estuary since it has the second highest tidal range in the world and, in particular, in recent years the estuary has attracted a lot of attention as a potential source of generating considerable quantities of marine renewable energy, particularly from a barrage across the estuary. Thus any studies that can help mimic the hydrodynamics and the pollutant transport conditions in the prototype can potentially assist in addressing many of concerns that the estuary is currently attracting in terms of bathing water pollution. As far as the authors are aware, this physical model study of the Severn Estuary is the first of its kind to have been undertaken to-date.
Methodology
In the main Severn Estuary the maximum tidal range is 14 m at Avonmouth (see Figure 1 ) and the tidal period is typically 12.4 hr. Based on [35] , the distorted physical model was intended to be designed to give a model tidal range of 12 cm and a tidal period of 20 s, with a vertical scale of 1:150 and a horizontal scale of 1:25,000, thereby filling the coastal basin at Cardiff University to a maximum. However, this situation could not be achieved in its entirety. The limitations of the coastal basin meant that a tidal range of 10 cm and a tidal period of 40 s were the limiting conditions that could be achieved in the physical model. Figure 2 shows the Admiralty Chart 1179 which served as the base map from which the physical model domain was designed, based on a 1:25,000 horizontal scale and 1:125 vertical scale. Figure 3 is the shape of the physical model that was fitted into the tidal basin for studies to be conducted which is slightly different from the prototype as shown in Figure 1 . The upper reaches of the physical model were slightly turned in the basin domain as shown in Figure 3 . Included in this physical model was a 2.0 m × 1.2 m × 0.075 m rectangular box, designed to hold sand and connected to the river and estuary by four small channels as shown in Figure 3 . The sandbox was used for the diffuse source pollution studies described herein. Also included in the physical model was a removable model barrage, used to simulate the effects of the proposed structure on the hydrodynamic and solute transport processes in the Severn Estuary. Figure 4 shows the proposed location of the barrage as in the main estuary and as it appears in the physical model as shown in Figure 3 . However, the model barrage was not included in the studies reported herein. It has been referenced for completion. Finally, Figure 5 shows the location of the sand-box and the physical model in the coastal basin. Figure 6 shows the aerial view of sediments in the sandbox before the tidal cycles were commenced. As shown in barriers were positioned within the sediments to induce a one dimensional flow towards the estuary at point 4 (i.e. corresponding to Newport). A pump was placed at hole 1, with the purpose being to create a head difference between the holes, with the help of an overhead reservoir as shown in Figure 8 and Figure 9 , so that the dye moved with the flow when injected. The water continued to flow throuhgout the experiment via hole 1, and flowed down the idealised river whilst the tides were running. This condition was created in addition to the extra water surface slope generated by the tides, and for both dierections (i.e. during flooding and ebbing). At the outset, water level elevations were measured in each of the holes to evaluate the tidal and river interaction along the basin and especially at the point of discharge, point 4 (Newport). Figure 10 shows the experimental set-up for collection of data. The dye was injected in hole 2 and observed in holes 4, 5 and at the entrance to the estuary, i.e. at Newport (point 4). Thus water levels were taken simultaneously at these three locations. 
Water Level Measurements in the Boreholes

Tracer Tests Procedure
The basic testing procedure involved injecting a dye of a known mass into hole 2, while there was an idealised river flow through hole 1 (refer Figure 7) . The dye was monitored in holes 4 and 5 and at the estuary entrance, using a fluorometer connected to a pump, and with a tube being placed at the monitoring locations at fixed times. Before the fluorometer was used for the tests, it was calibrated with a well prepared standard dye solution [36] . After the tests, the data were downloaded from the fluorometer via a computer programme for analysis [37] . Figure 11 shows the instrumentation used for the tests, including the fluorometer and the computer used for downloading and recording the data. The pumps, the standard solution (for calibration of the fluorometer), and the tracer were all key to undertaking these tests. During the tests a concentration of 1ppt of Rhodamine WT, with a volume varying between 0.5 ml and 2 ml was used for the injection in hole 1. The volume of the tracer was decanted into the hole for each individual test. Figure 12 shows the tests about to start in the model estuary. As shown, the pump was connected to a rubber tube in hole 1 as water was allowed to flow and create a head difference. Similarly, the fluorometer was connected to a pump via the rubber tubing for siphoning out the tracer, with the concentration being measured by the instrument. Figure 13 shows the movement of the tracer along the estuary after injection. Figure 14 shows the resulting water level changes for this part of the study. At low tide the head difference between hole 4 and the estuary was 43.1 mm; for hole 4 and hole 5 the difference was 21.7 mm; and between hole 5 and the estuary the level difference was 21.4 mm. However, at high tide the trend was reversed, i.e. after 20 s. For this case, the head difference between hole 5 and the estuary was −4.6 mm; and that of hole 4 and the estuary was −22.2 mm, whilst the difference for hole 5 and hole 4 was 17.5 mm. These results showed that for a tidal cycle of 40 s, the flow of water from the sediments to the estuary first ebbed and then reversed after every 20 s when the tide changed to flood conditions. The flow of water and solute from the sediments was cyclical when the tide changed from flood to ebb, with the cycle repeating itself. This meant that it took a considerable amount of time for much of the solute to be transported from the sediments to the estuary. Figure 15 shows the concentration distributions for all three locations viz holes 4, 5 and Newport. The dye concentration injected in hole 1 was 1 ppt with 0.5 ml in volume. As can be seen from the results, the distributions are normal for each of the tests and they are oscillatory due to the tide. Following the discussion earlier relating to the water elevations, this trend was as expected, since at certain times the tracer would be pushed back by the tide and then flushed out in a cyclical manner, with the shape of the curve being periodic as it follows the same path.
Water Level Results
Tracer Tests Results
The tracer was observed earlier in hole 4 than in hole 5 and also earlier in hole 5 than in the estuary. This was as expected since hole 4 was the first to occur after injection and then followed by hole 5 and the estuary. The peak concentration in hole 4 is highest amongst the three locations. This is also to be expected since diffusion and dispersion of the tracer as a result of the tide flooding and ebbing would be more pronounced at Newport than at hole 5 and even less so for hole 4. Hence, for the same mass of tracer, the concentration would be higher in hole 4 than in hole 5 and likewise for Newport, as was observed.
Circulation and transport mechanisms in the estuary are complex and subject to a large spatial and temporal variability, derived from the interaction between the river discharge and tidal currents. These forces drive the gravitational circulation and turbulent diffusion, which are the main processes controlling the transport of solutes in estuaries [38] . The bathymetry and shape of the estuary regulates the speed of propagation of tides. Shallow regions of estuaries enable vertical mixing more effectively than deeper regions [33] . Figure 16 shows concentration distribution curves at hole 5, with injection of the same level of concentration, but with different volumes of 0.5 ml and 1ml respectively. The peak concentration for the 1ml volume was 790.8 ppb and occurred at 33 mins 25 s after injection, whereas for the 0.5 ml concentration, the peak concentration was 400 ppb and occurred 33 mins 44 s after injection. The peak concentration of the latter was about half that of the former, which indicated that the concentration at a point was linearly proportional to the input concentration. The tracer appeared in the hole a little bit earlier for the 1 ml volume than the 0.5 ml, as was to be ex- pected with the higher concentration and the increased dispersion. The peak concentration was also recorded earlier for the former than the latter. This was again to be expected since the 0.5 ml volume would disperse more rapidly and would have to accumulate a lot more of the dye before recordings could take place. Hence this would take a little more time than for the 1ml volume concentration.
Finally, the study looked at the effect of the solute transport regime within the sediments without tidal forcing. Figure 17 shows the concentration distribution in holes 4 and 5, with or without tidal forcing. The reason for the peak concentration being higher in hole 4 than in hole 5 has already being discussed. What is significant is the temporal scales in the same hole, with or without tidal effects. In hole 5, the tracer arrived earlier at the observation point for the case where there was no tide than when there was tidal forcing. The same situation was observed in hole 4. As discussed previously, the tide was rapid at this location and at high tide the tracer was pushed back and this phenomenon occurred after every 40 s. In effect, it delayed the flow of solute from the source to the observation point, hence the solute with the river flow only arrived earlier at the monitoring station than the corresponding flow with the tide. This result is in agreement with tracer simulations conducted by [39] , which also showed that the residence time for the tracer increased with tidal forcing. As can also be seen from Figure 15 , the longitudinal spreading of the plume increased with the tide, and with a lower peak concentration. This result was also similar to the results obtained by [39] , whereupon they concluded that tides may decrease the threat of groundwater-borne pollutants on the marine ecosystem, rather than having the potential to worsen the risk, since tidal effects may also enhance the overall transverse spread of pollutants.
Conclusions and Recommendation
It has been shown from physical model studies reported herein that for a semi-diurnal tidal estuary, such as the Severn, tides have lesser effect on the transport of solutes than from river flows in catchments. Thus the impact of pollution from diffuse sources to marine environments from catchments could be higher in less tidally dominated coastal waters than in a basin which has a relatively high tidal range. This conclusion is consistent with simulations from [39] . Also the spatial extent of the pollutant tracer was found to be minimised within the estuary as the tide tended to flush the pollutants back and forth along the estuary or coastal zone. The purpose of the sand box with the included sediments, and attached to the Severn Estuary physical model, was to look at the impact of diffuse source pollution from catchments on the marine environment and under controlled laboratory conditions. In this study, however, a one dimensional pollution pathway was created to link the sediments to the estuary for the studies to be conducted. This may not replicate the real situation in the river basin that well. It is therefore recommended that a catchment model be linked to the existing 1D-2D DIVAST estuary model for detailed knowledge and analysis of the impact of pollution from such sources on coastal waters.
